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Abstract
Photocatalysis constitutes an important research interest due to its capability for achieving important chemical reactions in an environmentally green and sustainable manner. The use of heterogeneous photocatalysts adds additional advantages such as ease of separation from reaction mixtures, reusability, as well as photo, thermal and chemical stability. In this account, we showed how the surface complexation of different key players on TiO 2 can be used control the reaction pathway to enable difficult organic transformations, as demonstrated by the selective aerobic oxidation of sulfides to sulfoxides. First, we designed a photocatalytic-surface complexation system comprising three fundamental components; visible-light-absorbing dye, TiO 2 and TEMPO as the redox mediator. Next, the said system was elegantly simplified into a visible-light-harvesting surface complex generated in-situ between TiO 2 and tertiary amines, which enabled O 2 to be selectively activated only in the presence of the target sulfide substrate. This was then expanded into the new concept of synergistic photocatalysis, which is based on the interplay of reactants (sulfides and benzylamines) via the aforementioned visible-light-harvesting surface com-
Introduction
Photocatalytic organic transformations have attracted considerable attention as a promising strategy for sustainable technological development. 14 Through photocatalysis, many important chemical transformations can be achieved under mild conditions via the excitation of a photocatalyst with visible light, which initiates the subsequent radical reaction. 57 A subset of photocatalysis, heterogeneous photocatalysis, is of particular interest due to advantages such as ease of separation from reaction mixtures, reusability, as well as photo, thermal and chemical stability. 7 A large variety of heterogeneous materials have been developed for photocatalytic organic transformations, 5 ranging from metal oxides such as Nb 2 O 5 8 and
ZnO, 9 to carbon nitrides 1012 and plasmonic nanoparticles. 1316 Among them, TiO 2 constitutes one of the most popular photocatalysts by virtue of its stability and efficacy, as well as other advantages such as low-cost, earth-abundance and nontoxicity. The conduction band of TiO 2 can activate O 2 for the selective aerobic photocatalytic oxidation of organic substrates, 6 such as that of benzylamines to imines, 17 benzylalcohols to benzaldehydes, 18, 19 and cyclohexane to cyclohexanone. 20 This renders the chemical transformations environmentally friendly and sustainable. Not only that, it avoids traditional oxidants such as Mn(VII) and Cr(VI), which are toxic and need to be present in stoichiometric amounts. 6 Despite the aforementioned benefits, TiO 2 is disadvantaged by its wide band gap (i.e., 3.2 eV for anatase), which can only be activated by UV light. This is detrimental to the selectivity of the reaction, as UV-induced free radicals would be involved. 21 In the case of aerobic reactions, this problem would be compounded by the interaction of oxygen with these free radicals, leading to uncontrolled auto-oxidation products. Not only that, the UV-induced hole in TiO 2 is highly oxidative and can generate highly reactive oxygen species, which would induce undesired side reactions. Hence, visible-light-induced reactions are favored in order to ensure good selectivity of the desired products. Previously, it has been discovered that substrates with heteroatoms such as N, O and S are able to form a surface complex with the Lewis acid sites on the surface of TiO 2 and extend its absorption edge. This enables the photocatalytic oxidation of the substrate by TiO 2 in the presence of visible light. 17, 19 In this account, we summarize how the surface complexation of different key players on TiO 2 can be used to control the reaction pathway to enable difficult organic transformations. This is demonstrated by the selective aerobic oxidation of sulfides to sulfoxides, which is an essential chemical transformation, and plays a pivotal role in accessing a series of industrially and biologically important organic compounds. First, we demonstrate a highly efficient photocatalytic-surface complexation system of three fundamental components; visible-lightabsorbing dye, TiO 2 and TEMPO as the redox mediator. 22 Having grasped an understanding of the crucial components of the photocatalytic system, the said system can be elegantly simplified into a visible-light-harvesting surface complex that is generated in-situ between TiO 2 and tertiary amines that enables O 2 to be selectively activated only in the presence of the target sulfide substrate. 21 This can be expanded into the new concept of synergistic photocatalysis, which is based on the interplay of reactants (sulfides and benzylamines) via the aforementioned visible-light-harvesting surface complex to enable two seemingly irrelevant reactions in one photocatalytic system. 23 Lastly, we will provide a brief discussion on how surface complexation on heterogeneous catalysts such as metal oxides can be further utilized for photocatalytic organic transformations.
Alizarin Red S-TiO 2 -TEMPO Photocatalytic-Surface Complexation System
To efficiently utilize visible light for the selective aerobic oxidation of organic sulfides, we designed a system based on principles similar to that of dye-sensitized solar cells (DSSCs), i.e., the formation of a visible-light-harvesting assembly between an organic molecules and TiO 2 . 24,25 A metal-free photocatalyst, alizarin red S (ARS) binds to the surface hydroxyl groups of TiO 2 through its catechol group ( Figure 1A ). This forms an ARS-TiO 2 surface complex that, when combined with TEMPO as the redox mediator, enables high conversion and selectivity of thioanisole to sulfoxide under visible light irradiation and O 2 ( Figure 1B ). 22 All three components of the photocatalytic-surface complexation system are necessary for the reaction; negligible conversion was achieved for the individual catalytic components (Table 1) . ARS allows the reaction to occur over a wide range of visible light, even that >510 nm. This is important for the selectivity of the reaction, as UVinduced holes in TiO 2 may either fragment the aliphatic side chains of typical sulfides, or result in the undesired oxidation of protic solvents. Under irradiation, ARS is excited to ARS*, which donates an electron to the conduction band of TiO 2 to form ARS •+ ( Figure 1C ). TiO 2 then transfers the electron to O 2 to form O 2
•¹
. At this stage, TEMPO is highly necessary as it donates an electron to ARS •+ , becoming TEMPO + and quickly restoring the ground state of ARS to maintain its stability. In the absence of TEMPO, low conversion of thioanisole and rapid decolouration of the ARS-TiO 2 surface complex was observed, due to the oxidation by O 2 under irradiation. This suggests that adding a redox mediator might be useful for protecting photoredox catalysts that exhibit excellent photochemical activity but are unstable under aerobic oxidation conditions. Next, thioanisole undergoes single-electron transfer with TEMPO + to form an S-centered free-radical cation, regenerating TEMPO. The S-centered free-radical cation reacts with O 2 •¹ to form sulfide peroxide. Through the intervention of the protic solvent CH 3 OH, the final methyl phenyl sulfoxide can be obtained.
The three-component ARS-TiO 2 -TEMPO photocatalyticsurface complexation system is applicable towards the selective oxidation of many thioanisole derivatives to their sulfoxide counterparts, and thioanisoles with an electron donating group (i.e., Me, MeO) typically require shorter reaction times than those with electron-withdrawing groups (i.e., F, Cl, Br and NO 2 ) due to stabilization of the thioanisole radical intermediate. However, the thioanisole derivative comprising an omethoxy group with the strongest electron-donating effect requires a longer time than thioanisole, which may be due to steric hindrance around the sulfide group during its interaction with TEMPO. Similarly, substituting the methyl group of thioanisole with larger ethyl or phenyl groups would result in greater steric hindrance and therefore slower conversion times.
Tertiary Amine-TiO 2 as a Tertiary Amine-TiO 2 Visible-Light-Harvesting Surface Complex
Having understood the necessary components of the photocatalytic-surface complexation system, we simplified the system into a surface complex generated in-situ between TiO 2 and tertiary amines, which is similarly capable of visible-light absorption and enabling selective photocatalytic processes (Figure 2A ). 21 Here, small molecular tertiary amines such as trimethylamine (TMA) and triethylamine (TEA) are used, which are capable of Lewis acid-base interaction with TiO 2 . Both TMA and TEA are able to work in conjunction with TiO 2 to produce significant conversions of thioanisole to the desired sulfoxide product (Table 2) . To verify the adsorption of TMA and its effect on TiO 2 (Degussa P25, which comprises 25% rutile and 75% anatase), first principles calculations were performed on the rutile (110) and anatase (101) surfaces, which are the most stable surfaces of each phase. The adsorption energy E ad was calculated as the difference of the energy of the TMA-TiO 2 surface complex (E TMA/slab ) against that of the individual TiO 2 slab (E slab ) and TMA (E TMA ). A negative E ad would indicate that TMA can favorably be adsorbed on the TiO 2 slab, and we examined the E ad of three possible sites, the O-2c, Ti-5c, and O-3c sites ( Figure 2BC ). The Ti-5c sites for both surfaces are most favorable for TMA adsorption; the E ad on the rutile (110) surface is ¹0.43 eV, while that on the anatase (101) surface is ¹0.28 eV. The distances from the N atom to the nearest Ti atom are 2.79 ¡ for rutile (110) and 2.44 ¡ for anatase (101). The adsorption of TMA does not alter the band gap of rutile TiO 2 , though an increase in electron density was observed, suggesting that the change in band gap might have been too small to be reflected by calculations ( Figure 2D ). The UV-visible absorption of the TMA-TiO 2 surface complex showed a red-shift of ³10 nm (Figure 2E) , which indicates the narrowing of the band gap by 0.08 V. Taking this into account, the E HOMO of the TiO 2 -TMA surface complex would have been 2.23 V vs. NHE, which is capable of oxidising thioanisole in CH 3 OH (E oxid = 1.75 V vs. NHE). Under visible light irradiation, an electron is excited from the amine to the conduction band of TiO 2 , while the corresponding hole is localized on TMA to form a cationic free radical ( Figure 2F ). The radical then which reacts with sulfide to form a sulfide cationic free radical, restoring TMA. The dioxygen molecule forms a surface complex with TiO 2 by binding to this sulfide cationic free radical and the excited Ti III site, which subsequently receives electrons and protons to form the sulfoxide product and regenerate the Ti IV site.
It is interesting to note is that TMA and TEA are typically unstable under photocatalytic aerobic conditions, yet the tertiary amine-TiO 2 surface complex is highly stable with a turnover number of 32 and >90% amine recovery after the thioanisole oxidation reaction. This is due to the protic solvent CH 3 OH, which protects the amine from being oxidized. This is confirmed by the complete consumption of TMA and TEA in CH 3 CN during the oxidation process ( Figure 2G ). The use of solvents with a weaker protic nature, such as IPA and C 2 H 5 OH, resulted in partial oxidation of the amines and low sulfoxide yields. The protons and electrons from CH 3 OH aid the formation of sulfoxide and the regeneration of the TiO 2 surface.
Synergistic Photocatalysis Based on Benzylamine-TiO 2 Surface Complex
The aforementioned surface complexation strategy can be further expanded into the new concept of synergistic photocatalysis, which is based on the interplay of reactants to enable two seemingly irrelevant reactions in one photocatalytic system. 23 In this case, benzylamine binds to the TiO 2 surface to form the visible-light-harvesting surface complex, thus enabling the photocatalytic aerobic oxidation of thioanisole to sulfoxide whilst itself undergoing selective aerobic formylation by methanol ( Figure 3A) . Although the absorption of benzylamine is well below 325 nm, the benzylamine-TiO 2 surface complex experiences a red-shift in the absorption spectrum into the visible range ( Figure 3BC ). The surface complexation of benzylamine on TiO 2 is analogous to an acceptor-donor complex ( Figure 3D) , and is evidenced by the detection of an N 1s peak in the XPS spectrum ( Figure 3E ). When the reactions were conducted individually, only less than 10% of thioanisole was converted to sulfoxide, while the formation of Nbenzylformamide from benzylamine was characterized by low selectivity (Table 3 ). However, high conversions and selectivities could be obtained when the two reactions are performed together. The conversion of thioanisole nearly follows zeroorder reaction kinetics with reaction constant k = 12.45 mol L ¹1 h ¹1 (Figure 3F ). On the other hand, the conversion of benzylamine is more complex, encompassing an induction period in the first hour and a subsequent product formation period. This is because the N-benzylformamide is formed from the reaction between benzylamine and HCHO, which has to be first converted from CH 3 OH during the formation of sulfoxide. In this way, the protic solvent CH 3 OH served as an additional redox player between the two synergistic reactions, enabling the transfer of protons to facilitate product formation. When CH 3 OH was replaced with inert solvents such as CH 3 CN, benzotrifluoride, ethyl acetate, dichloromethane, no oxidation of thioanisole occurs, while benzylamine was oxidized to the undesired product imine. Meanwhile, other protic solvents, i.e. isopropylalcohol and ethanol, could also enable the photocatalytic oxidation of thioanisole in the presence of benzylamine, but the latter formed imine as the product.
From this, we can deduce that the mechanism starts with the surface complexation of benzylamine on TiO 2 , which becomes a positively charged radical upon transferring a photoexcited electron to TiO 2 under visible light irradiation ( Figure 3G ). The benzylamine radical then receives an electron from thioanisole, thus forming an S-centered positive free radical at the surface of TiO 2 . Oxygen then binds to this surface complex, which undergoes cleavage to form the sulfoxide product. This process is facilitated by proton and electron transfers from CH 3 OH, forming the side product HCHO. HCHO undergoes condensation with benzylamine to form an intermediate, as detected through GC-MS by a peak corresponding to m/z 242. The intermediate then experiences photocatalytic aerobic oxidation by TiO 2 to yield N-benzylformamide.
Conclusion
To sum up, we have reviewed how the surface complexation of different key players on TiO 2 can be used to control the reaction pathway and enable difficult organic transformations, as demonstrated by the selective aerobic oxidation of sulfides to sulfoxides. First, we identified three fundamental components of an efficient photocatalytic-surface complexation system; visible-light-absorbing dye, TiO 2 and TEMPO as the redox mediator. Next, we simplified the system into a visible-light- harvesting surface complex formed from the Lewis acid-base interaction between TiO 2 and tertiary amines, which enables O 2 to be selectively activated only in the presence of the sulfide target. Lastly, we discussed the new concept of synergistic photocatalysis; the in-situ generation of a surface complex between TiO 2 and benzylamines enables the complementary photocatalytic aerobic oxidation of sulfides to sulfoxides and the formylation of benzylamines to N-benzylformamides. From here, we can see how the surface complexation of various key components on the surface of TiO 2 can significantly impact the mechanism and product yield of a photocatalytic reaction. We believe that these concepts can be expanded to other photocatalytic systems and reactions. mechanisms between substrates and earth-abundant materials to achieve a wider range of photoredox transformations. We are hopeful that the development of benign and environmentally green organic transformations that utilizes sustainable and abundant resources can eventually benefit industrial conversion of raw materials into valuable products.
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